Low levels of plant-available phosphorus (P) are a major factor limiting crop production in sub-Saharan Africa. Soil tests for phosphorus in this region have been applied mainly to highly weathered tropical lowland soils, while the number of investigations on the P status of less weathered tropical highland soils is limited. In this study, we evaluated four soil P tests with regard to their suitability for typical tropical highland soils and Technosols on mine spoils from pegmatite dump material in the Gatumba Mining District (GMD) of Rwanda. The tests comprised Bray 1, Mehlich 3, Olsen P and Pi test. Twelve soils (eleven from Rwanda and a reference soil from Germany) were analyzed for available P. The results reflected extremely low levels of available P in the Rwandan soils compared to the soil from Germany. A ranking from highest to lowest measured P followed the order Mehlich 3 > Bray 1 > Olsen > Pi. High correlations were found between Bray 1, Mehlich 3 and Pi. Extremely low levels of P extracted with Pi compared to Bray 1 and Mehlich 3, however, raised the question of its suitability for the investigated soils. Values of Olsen P generally showed low reproducibility and low correlation coefficients. Results from regression analyses with pH, clay content and soil organic matter also confirmed limited suitability of Olsen. A regional calibration for the detection of plant-available P in the GMD was successful for Bray 1 and Mehlich 3 demonstrating that these were suitable for all soils investigated.
INTRODUCTION
Soil nutrient depletion has been reported to be the main cause of the widespread decline in land productivity in sub-Saharan Africa (Sanchez and Jama, 2002) and has not spared even the areas with favourable climate for agricultural production (Stoorvogel et al., 1993) . Soil fertility decline has transformed several former highly agricultural productive areas in Rwanda into low agricultural production zones (Mukuralinda et al., 2009) . Phosphorus plays a key role in integrated nutrient management (Jemila et al., 2017) as it is one of the limiting nutrients for plant growth, especially in tropical soils. Phosphorus deficiency in tropical soils is partly based on the fact that P is fixed to Fe and/or Al oxides and hydroxides under acidic conditions (Oberson et al., 2001) . Losses of P occur via crop P uptake and P removal from the fields through harvested crops, as well as through soil erosion and runoff (Smit et al., 2009) . On the other hand, the use of mineral fertilizers (including P fertilizers) for soil fertility restoration is often constrained by lack of funds provided to farmers and a poor infrastructure, both of which contribute to high prices for mineral fertilizers in most sub-Saharan African countries (Franzel, 1999) . This limitation leads to a large gap between actual and potential crop yields (Yamoah et al., 1996; Bationo et al., 2008) . Roy et al. (2003) reported that Rwanda showed the highest depletion rates of nutrients of all Central African countries. The average loss of phosphorus in Rwanda amounted to 11 kg/ha/year in 2000. In most of the widespread smallholder farms in Rwanda, P is added to the soil exclusively through recycling of organic materials (Mukuralinda et al., 2010) . However, the quantity of P available from this source is commonly insufficient to guarantee increases in crop production, as the small average farm size limits the extent of biomass production. Therefore, application of P from organic and inorganic sources is essential to increase and sustain crop yields under the continuous cultivation systems commonly found in Rwanda.
Different methods have been used in Rwanda as an index of plant-available P on which fertilizer recommendations may be based. For example, Mukuralinda (2007) found that soils in the Southern Province of Rwanda were estimated to have not more than 6 mg of bicarbonate-extractable P/kg soil, commonly termed Olsen P. According to Reetsch et al. (2008) , in the Gatumba Mining District of Rwanda, Olsen-P was detectable in all A horizons but not in some of the sub-soils (total number of soils investigated : 20). Olsen P values ranged from 1.0 to 15.3 mg/kg in A horizons and from 0.2 to 13.4 mg/kg in subsoil horizons, if it was detectable. Van der Zaag and Kagenzi (1986) tested both Bray 1 and Olsen methods for investigating the soil P status of Andosols in northern Rwanda. They found that in Andosols of smallholder farms levels of Bray 1-extractable P were generally < 2 mg/kg soil. On a zero P treatment of a fertilizer experiment (pH of Andosol : 5.9), values for Olsen P did not exceed 6.3 mg/kg soil. In contrast, high levels of P application (mineral fertilizer P) in a rotation including five crops significantly increased soil P levels. The fertilizer P was applied to the first three crops of the rotation. For example, after a total P application of 610 kg/ha, levels of Olsen P were 45.7 and 67.8 mg/kg soil after crops 3 and 5, respectively. Corresponding values according to Bray 1 were 15.0 and 6.6 mg/kg soil, respectively. After application of 1,857 kg P in treatments of the same experiment, values after crops 3 and 5 according to Olsen P were 134.9 and 129.8 mg P/kg soil and 18.1 and 11.4 mg P/kg soil for Bray 1. The results from this experiment demonstrate an enormous discrepancy between values from the different methods applied and raise the question of the suitability of at least one of the above methods. The Bray 1 method has most frequently been used for highly weathered and strongly acid tropical lowland soils such as Ferralsols and Acrisols (Zhang et al., 2007) .
In the Gatumba Mining District of Rwanda, Lixisols, Cambisols, Leptosols, Umbrisols and Fluvisols on different naturally occurring parent materials as well as Technosols are the dominant Reference Soil Groups (IUSS Working Group, 2007) . The latter have developed on mine spoils from pegmatite dump material resulting from artisanal and semi-industrial mining of Coltan which is the colloquial name for columbite (niobium oxide) and tantalite (tantalum oxide). Tantalum is the target element of mining. In general, the soils of the GMD, including Technosols, are acidic and poor in nutrients. However, they still exhibit relatively high contents of primary silicates and "high activity clays" such as illite and montmorillonite (Reetsch et al., 2008) . Consequently, they differ substantially from the highly weathered soils of the lowland tropics (Ferralsols and Acrisols) in their mineral composition and probably also in their sorption behaviour for P.
Typically, soils of the GMD receive no or only small amounts of mineral fertilizer. On average, less than 5 kg N/ha are applied annually to farmers' fields (Crawford et al., 2006; Chianu et al., 2012) . The average size of the smallholder farms is 1.1 ha (Kelly et al., 2001) and this size may have certainly decreased with time. Almost every farmer in the Gatumba area holds two to three animals (cattle and goats) next to his dwelling so that the main source of fertilizer input is considered to be cow manure. Yet, mineral phosphorus fertilizer has to be applied additionally to enhance the pool of potentially available soil P.
To compensate the P deficiency of the natural soils, Chianu et al. (2012) proposed the annual application of fertilizer P within the range of 15 to 30 kg P/ha. However, to meet the crop-specific P demand at the best possible rate, a feasible soil test procedure is necessary to guide a more accurate recommendation. This requires a regional comparison and calibration of test methods and the assessment of their local suitability. 
MATERIALS AND METHODS

Study Area
The study area (Gisuma-Kibilira Catchment : GKC) is located in the Gatumba Mining District in the western part of the Central Plateau of Rwanda, approximately 50 km west of the national capital Kigali (Fig. 1) . The GKC has an area of about 20 km² and is situated between the longitudes 29°37′ and 29°40′ E and the latitudes 1°53′ and 1°56′ S. The altitudes range from 1,600 to 2,100 m AMSL. To the west of Gatumba, mountains rise to the Congo-Nile watershed divide at around 3,000 m. The mean annual precipitation at an altitude of 1,700 m AMSL amounts to 1,200 mm and the annual mean temperature is 19°C.
The Gatumba Mining District lies on the western part of an east-dipping flank of a narrow synclinorium (Gérards, 1965) between two large granitic batholiths of the northern Kibara orogen. The geology is dominated by Mesoproterozoic phyllites and quarzites of varying metamorphic degree. The rocks are primarily schists and sandstone of a clastic, marine sedimentary sequence intruded by mafic dykes and sills, and by granites. Pegmatites and hydrothermal quartz veins are associated with the granites (Dewaele et al., 2010) . The pegmatites predominantly consist of alkali feldspar, muscovite and quartz. Mines extract only weathered, commonly kaolinitic parts of the pegmatites. Intercalated bands of quartzites and doleritic (metabasaltic) sills may form < 5% of the rock mass in the Gatumba Mining District (Flügge et al., 2007; Dewaele et al., 2008) .
Alluvial deposits of the valleys are between one and six meters thick. Farming takes place in most parts of the catchment, including the mine-waste covered areas of the Ruhanga mine. Mining and/or processing activities have released waste material into rivers and surrounding alluvial areas (mainly Fluvisols). Soils of the mining dumps are represented by Technosols, whereas naturally developed soils outside mining dumps and alluvial areas are represented through Lixisols, Cambisols, Umbrisols and Leptosols (according to IUSS Working Group, 2007) . Some Technosol areas have been reclaimed through undermixing soil material from neighbouring soils into Technosol-Ap horizons. As the local population in the GKC lives directly of what is cultivated on field plots in and adjacent to coltan mines and consumes untreated water from springs, the sites affected through mining require environmental risk assessment including metal toxicity monitoring. Against this background, Nieder et al. (2014) systematically investigated the status of toxic trace elements in soils, plants and water bodies of the area. They found that trace element contents of soils and most plant materials were below internationally accepted guideline values and all water samples analyzed met the WHO drinking water guidelines. 
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Soil Sampling
In November 2011, 11 soils in the GKC were classified according to WRB (IUSS Working Group, 2007) after preparing deep and broad profiles (from soil surface to parent material). The "reference" soil in Germany (Luvisol in loess near Braunschweig) was classified previously. Soil samples were taken from the Ap (MAp) horizons (field plots cultivated with annual crops) and MAh horizons under grassland from at least eight points homogeneously distributed over each field plot using a corer. From each plot about the same amount of soil was sampled from each surface horizon. Soil samples collected from each plot were mixed to form one composite sample. The samples were transported in a cool box and stored in a fridge at 4°C during the stay in Rwanda and before preparation in Germany (Institute of Geoecology, Braunschweig).
Sample Preparation
An aliquot of each fresh sample was used for an investigation of N dynamics of the soils in a separate study. Another aliquot was air-dried at a temperature of about 25°C, subsequently sieved to < 2 mm, the fraction which was used for analyses of basic soil properties and available P. Prior to analyses in Braunschweig, the soil material was ground and thoroughly homogenized.
Analyses
Basic soil properties : Soil acidity (pH) was analyzed in deionized water and in 0.01 M CaCl 2 using a pH electrode. The electrical conductivity of the suspensions was measured by using a conductivity electrode. Soil texture was determined using the sedimentation method according to Moschrefi (1983) . Total carbon (C) and nitrogen (N) in soil samples were determined by dry combustion with an elemental analyzer Carlo Erba NA 1,500 at 1,020°C.
Methods of measuring available P :
In this study, four different methods were used to measure the P availability in soils of the GKC and the "reference soil" from Braunschweig : Bray 1 (Bray and Kurtz, 1945) , Mehlich 3 (Mehlich, 1984) , Olsen (Olsen, 1954) and Pi (Menon et al., 1991) . Bray 1 and Mehlich 3 are commonly used for soils with a low pH as is the case for the soils collected from Rwanda. Olsen is the most widespread test for international comparison. All three tests use extract solutions to determine the P availability (Table 1) .
For Bray 1, 2 g of air-dried soil was mixed with the P extracting solution consisting of 0.03 mole/l sodium fluoride and 0.025 mole/ l HCl and shaken.
For Mehlich 3, 2 g of air-dried soil was mixed with the P extracting solution consisting of 0.2N acetic acid, 0.25N ammonium nitrate, 0.015N ammonium fluoride, 0.013N nitric acid, 0.001M ethylenediaminetretraacetic acid and shaken.
For Olsen P, 5 g of air-dried soil was suspended in 100 ml 0.5M sodium bicarbonate and the suspension was shaken.
After filtration, the extract solutions from the above methods were analyzed for P using an auto analyzer (Skalar, Breda, Netherlands).
The Pi method (Table 1) does not use an extractant to fix the available P for measurement. Instead, the availability of P is determined by iron oxide strips as a sink for phosphate ions. The impregnated filter paper serves as a sink to absorb the mobilized P of the soil solution. Prior to measurement, the absorbed P was remobilized using a procedure described in detail by Menon et al. (1991) . The solution including the available P adsorbed by the strips and dissolved by shaking was measured using an auto analyzer. Three A regression based on ensemble learning techniques was applied for each test to find variables which affect the results of each test. The importance of each variable was calculated and summed up in a ranking system. Regressions were performed by random forest algorithm. The test includes the methods of bootstrapping and bagging to construct regression trees (Breiman, 2001 ). Liaw and Wiener (2002) and Strobl et al. (2008) explained the functionality of the algorithm and its application in detail. Table 2 summarizes the results of major soil properties. All of the arable soils from Rwanda are more acidic (pH 4.1-5.4 in nonlimed soils; ~ 6.0 in limed soils) than the Luvisol from Germany and they exhibit shallower (mostly 20 cm) Ap horizons. In most Rwandan soils, levels of soil organic carbon (SOC) are around or below 1%. However, in those developed on dolerite (2, 4 and 5) contents of SOC and total nitrogen (TN) are higher which may be due to relatively high contents of clay that binds and stabilizes soil organic matter. Even the Technosols exhibit an SOC content of about 1% which may be attributable to their agricultural use for about 10 years during which time their SOM could build up.
RESULTS AND DISCUSSION
Basic Soil Properties
Among the non-limed Rwandan soils, only soils 2 and 4 are less acidic (pH > 5) which may be mainly due to the still operating H + buffer system of the formerly base-rich parent material (dolerite). The generally low pH in soils of the study area can be attributed to the local climatic conditions which are responsible for advanced chemical weathering of soil minerals and leaching of base cations.
There is generally a wide spread of textures among the different soils. Fluvisols in the study area exhibit the lowest clay contents. In contrast, the highest clay contents were found in the soil of the pegmatite field experiment (sites 10, 11 and 12) which is based on the general presence of kaolinite in the pegmatite waste material on the one hand and on the clay imported with the undermixed Lixisol-Bt material. Due to the extremely high content of silt and the deep layer of loess of about 1 m, the overall water storage capacity in the Luvisol is much higher compared to the Rwandan soils (not shown in Table 2 ).
Available P in Surface Soil Horizons
In general, differences in extractable P were observed between the soils analyzed but also between the four tests applied (Table 3) . As expected, all methods show the highest contents of available P in the Luvisol which may be mainly due to the application of large amounts of mineral P fertilizer over decades. In contrast to sub-Saharan Africa, in Germany and in many other industrialized countries it has been common since the 1950s to apply amounts of P in fertilizers that have significantly exceeded those exported by harvested crops. As a consequence of this surplus, phosphates have accumulated over time in agricultural soils, in the hydrosphere and in water sediments (Nieder et al., 2010) .
Among the Rwandan soils, the highest concentration of available P (52.5 mg P/kg soil) occurred in the Vertic Umbrisol (site 5), measured with Mehlich 3. In contrast, the lowest values of extractable P (1.25 mg P/kg soil) were found on site 11 (Spolic Technosol) when the Olsen test procedure was used. All methods applied, except for Olsen, yielded significantly higher values of extractable P for sites 4 and 5 compared to the remaining nine Rwandan soils. This might have been due to elevated SOM contents in these soils and a higher content of organic P compared to the remaining soils of the GKC. However, a general ranking of sites involved was problematic as illustrated in Fig. 2 for the Rwandan soils.
The box-and-whisker plots show a concentration of the majority of the GKC sites around the median of each method. For each 
Phosphorus availability in soils of Rwanda
128
Knoblauch, Naramabuye and Nieder of the four methods, outliers are represented by one or two maximum values, whereas no outliers exist in the lower part of the plots. However, a general ranking between the four soil test procedures was possible. The order from the highest to the lowest measured P was : Mehlich 3 > Bray 1 > Olsen > Pi test. The results correspond to the ranking of a study from Neyroud and Lischer (2003) who compared 16 different P extraction methods, including the four methods tested in this study. In addition, the differences between the sites and the four test procedures, there were also differences regarding the reproducibility within a sample. Therefore, the coefficient of variance (CV) of each sample was calculated on the basis of three replicates. Table 4 summarizes the mean, median, minimum and maximum values of each soil test procedure in per cent. Only the results from Rwandan soils are given.
The highest CV mean values were found with application of the Olsen P test (53%), whereas the lowest CV mean values (10%) were related to the samples tested with Mehlich 3. Bray 1 (27%) and Pi (26%) were close to each other and ranged between the two other tests. The low reproducibility of Olsen was based on the characteristics of the test procedure and the properties of the soils tested. Low pH values of the Rwandan soils and the contrasting high pH of the test are mutually dependent. Some sample replicates (sites 7 and 10-12) yielded values below the detection limit and were treated as zero for the mean calculation. This occurred with application of the Olsen test. The maximum value (173%) was found for site 11. The effect was also visible in the CV median values. Compared to the CV mean values, the CV median concealed higher values for the samples with extractable P near the detection limit. Using Mehlich 3, the CV median of site 11 showed the lowest value of all four methods (5.9%), whereas CV medians of Bray 1 and Pi -----------------------------------------------------mg P/kg soil-------------------------------------------------- Means accompanied by different letters within a column are significantly different (P<0.05, n=3, ± SD). were at the same level compared to Olsen. In summary, the four test procedures showed dissimilarities in the detection of available P in the order Mehlich 3 > Bray 1 > Olsen > Pi.
Correlations between the P Tests
Correlation analysis helps to further identify commonalities and differences among selected tests. The determination of the Pearson product-moment correlation coefficient r enabled a quality assessment with respect to linear correlation of two methods. Table 5 
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The Olsen P test showed the lowest correlation coefficients with the three remaining tests. No significant linear correlation was detected by the comparison of Olsen and Pi. In contrast, Mehlich 3 and Bray 1 showed a highly positive correlation (r=0.935). A detailed overview of the performance of the correlated soil tests is given in Fig. 3 .
Available phosphorus values of Bray 1 and Mehlich 3 also appeared nearest to the 1:1 line. Five of six correlations yielded a regression line with confidence intervals n o t o v e r l a p p i n g t h e i d e n t i t y l i n e . I n particular, a combination of Olsen with the r e m a i n i n g t h r e e t e s t s r e v e a l e d l a r g e discrepancies which resulted in higher ranges of confidence intervals and in lower correlation coefficients. 
Relationship between Soil Properties and Available P Values
A regression analysis was performed to identify independent variables which affect the availability of plant available P in the selected soils. The variables pH, clay content, total C content, liming and fertilization were chosen as properties/factors for importance ranking. The last two variables were scaled with 0=no liming/no fertilization and 1=including liming/ fertilization. For each P test, the random forest method was applied and replicated 500 times. Fig. 4 summarizes the properties/factors with their individual importance.
The Olsen P test confirmed its outsider position within the regression performance, while Mehlich 3, Bray 1 and Pi showed similarities in terms of the variable importance. Effects of liming and fertilization provided lower values of the mean decrease. Within the importance ranking, pH, SOC and clay content presented a higher influence to the presence of available P which was expressed less distinctly through Olsen P.
The measurements of available P in Rwandan soils with selected tests partly yielded high discrepancies between samples. For example, measured P values by Olsen, on an average, were 69% lower than by Mehlich 3. A similar behaviour was observed concerning the Pi test, as the mean was only 39% of Mehlich 3. The extraction force followed the order Mehlich 3 > Bray 1 > Olsen > Pi which was also true for the reference soil in Germany. The detected available P by Mehlich 3 was 161 mg P/kg soil, 90 mg P/kg with Bray 1, 56 mg P/kg with Pi and 54 mg P/kg with Olsen. These results confirm earlier findings reported by Neyroud and Lischer (2003) and Gikonyo et al. (2010) .
Yet, the results of the four soil test procedures applied showed high correlations to each other which is in accord with the studies by Bationo et al. (1991) and Kleinman et al. (2001) . Hence, there were differences between the best agreements of one test concerning the soils sampled. According to Menon et al. (1996) , the Pi method is a good predictor for plant yields on the basis of widely varying properties of different soils. It could also be confirmed that Pi mobilized mainly soluble P (from Ca phosphates) and to a lesser extent the P fixed in Al or Fe oxides or hydroxides. In particular, the Pi enabled the determination of available P from P fertilizer such as rock phosphate more precisely compared to other methods (Menon et al., 1991; Kumar et al., 1992) as the release of P from rock phosphate constitutes a slow process. In contrast, Mehlich 3 was found to overestimate the release of P. However, this could not be confirmed in the present study, as the statistical analysis of the Pi resulted in higher median CV values than Mehlich 3 and Bray 1.
Comparison of values from Olsen with the other tests revealed large discrepancies which resulted in higher ranges of confidence intervals and in lower correlation coefficients. Moreover, the values of Olsen P among all tests showed the highest values of CV. Similar patterns were observed in other comparative studies (Bationo et al., 1991; Shwiekh et al., 2015) . In particular, the significant difference in solvent properties between Olsen, on the one hand, and Bray 1 and Mehlich 3 on the other hand, may have caused the large discrepancies of the regression lines from the 1:1 line (Fig.  3) .
The test for variable importance yielded that, except for Olsen P, there was a high impact of pH, clay content and SOC on available P. The results match the evaluation of Kuchenbuch and Buczko (2011) who emphasized the importance of these soil properties to P availability in tropical soils. Unexpectedly, liming (sites No. 11 and 12) according to our test had no effect on the measured P availability, particularly for the Bray 1 and Mehlich 3 tests (Fig. 4) . The absence of a positive impact may be partly related to precipitation reactions of soluble P with exchangeable Al 3+ which may be released in the acidic environment of Bray 1 and Mehlich 3 solvents (Haynes, 1982; Vetterlein et al., 1999) . However, these methods presented good correlations with each other and yielded low values of CV. With consideration of the generally low pH values in the soils selected from the GKC both tests may permit a determination of mobile P concentrations that are close to plant-available P. Bationo et al. (1991) and Kumar et al. (1992) allocated a good compliance of Bray 1 and both actually available P and crop yield. The advantages of Bray 1 and Mehlich 3 vs. Olsen and Pi in our study became particularly obvious through their low values of CV.
